ABSTRACT Research on insect control should be conducted in a manner that mimics as closely as is feasible its commercial application in all of its practicably conceivable forms. When signiÞcant deviations from commercial application are used in research, the effect of the deviations on efÞcacy should be evaluated. Pest control techniques are sometimes based on research that used untested assumptions about variables that might affect efÞcacy. For example, some phytosanitary treatments are based on research done with diet-reared larvae inserted into holes bored in fruits, although the effect of this manipulation has not been evaluated. This research compares this type of infestation of grapefruit with Mexican fruit ßy, Anastrepha ludens (Loew), third instars with a more natural infestation technique whereby females were allowed to oviposit on picked grapefruit in laboratory cages and third instars were reared inside the fruit. Although the results did not show statistically signiÞcant differences between infestation techniques, tendencies in the data caution against researchers making assumptions about efÞcacy without testing them when experimental techniques stray from more natural situations for which the research is designed.
The susceptibility of insects to control techniques may vary depending on a variety of factors involved in the research methodology, evaluation, and application. For example, Hallman (2000) discusses factors that may affect the efÞcacy of lethal heat treatments applied to insects ranging from source of test organisms used in the research to methods of commercial application of research Þndings.
Research on insect control should be conducted in a manner that mimics as closely as is feasible its commercial application in all of its practicably conceivable forms. When signiÞcant deviations from commercial application are used in research, the effect of the deviations on efÞcacy should be evaluated.
Heat is a physical control method used in a variety of Þeld, postharvest, and structural situations to control pests Denlinger 1998, Vincent et al. 2003) . Heat between 43Ð55ЊC is used as a phytosanitary treatment to disinfest agricultural commodities of quarantine pests before they are shipped across quarantine boundaries (Tang et al. 2007, Heather and Hallman 2008) .
Conscious or unconscious assumptions may be made about the effect of variables on insect susceptibility. Some of the research to develop heat phytosanitary treatments used insects reared on diet and inserted into fruit with the assumption (usually unstated) that larvae so treated do not differ in susceptibility to heat compared with those reared normally inside fruit (Heather and Hallman 2008) . In experiments that use tephritid larvae removed from diet, some time may pass between when the larvae are removed from the diet and when they are actually subjected to the treatment. Late third instars removed from diet undergo a physiological change from feeding to nonfeeding in preparation for pupariation and will not resume feeding if offered food once that transformation is initiated (Fraenkel and Bhaskaran 1973) .
Rearing of tephritid larvae in diet and inserting them into fruit is used in phytosanitary treatment research because it has numerous advantages over infestation via oviposition and subsequent development to third instar inside fruit:
1. Quality of the fruit can be controlled to closely simulate commercial application 2. Infesting fruit near the moment of treatment avoids degradation and weight loss of the fruit; degraded fruit may heat faster than commercial-quality fruit 3. Fruit that is hard to infest can be adequately infested 4. Research can be done faster and more reliably because it is easier and faster to rear most tropical fruit-infesting tephritids in diet than in fruit 5. Stage and maturity of larvae can be controlled 6. Level of infestation can be controlled 7. Level of infestation is precisely known 8. Larvae can be placed in speciÞc locations inside the fruit 9. It is easier to Þnd the larvae during evaluation of the treatment
The main disadvantage with rearing larvae in diet and inserting them into fruit is simply that it might not adequately represent the natural situation confronted by commercial phytosanitary treatments and result in either an inadequate level of control or an excessive treatment, resulting in wasted resources and increased risk of damage to the commodity.
I found only one report of research on heat treatment where a comparison was made between rearing insects on diet and inserting them in fruit versus insects reared entirely in fruit. Shellie and Mangan (2002) compared the efÞcacy of hot-water immersion to disinfest mangoes, Mangifera indica L., of thirdinstar Anastrepha obliqua (Macquart) for two fruit infestation techniques commonly used to develop phytosanitary treatments. In one technique, a 1-cmdiameter cylinder of mango peel and pulp was bored to the seed surface and 25 or 50 diet-reared late third instars were inserted into the hole, which was plugged with the fruit cylinder and held in place with hot-melt adhesive 2 h before treatment. In the second technique, mangoes were placed in a cage with ovipositing ßies and larvae fed on the fruit through the late third instar. By the time the fruit-reared larvae reached the late third instar (18 d), the mangoes lost a mean of 30% of their preinfestation weight (790 g per mango). When immersed in 46.1ЊC water for 70 min, the egginfested mangoes heated to a mean of 42.6ЊC, while the mangoes with diet-reared third instars inserted heated to a mean of 38.5 and 38.0ЊC, respectively, for mangoes infested with 50 and 25 larvae. Also, the 95% CL in temperature for the inserted fruit were Ϸ3.5 times that for the oviposited fruit, indicating that some inserted fruit were heated to lower temperatures still than the oviposited fruit.
The considerable difference in temperatures experienced by the two types of infestation should result in much greater mortality in the hotter (egg-infested) mangoes, all other variables being equal. For example, mean acute mortality of third-instar Anastrepha suspensa (Loew) after 20 min at 40 and 43ЊC, a smaller temperature difference than that experienced between the two mango infestation types in Shellie and Mangan (2002) , was 7.9 and 93.6%, respectively (Hansen and Sharp 1994) .
Insect survival after 70 min immersion in 46.1ЊC water was measured by pupariation 7 d after treatment (Table 1) . Although the mean number of puparia recovered per mango was similar for all treatments, because the level of infestation in the ovipositioninfested mangoes was low (a mean of 3.1 larvae pupariated per control mango), the percentage survival after heat treatment in the oviposition-infested mangoes was 41.9%, much higher than the 3.6 Ð3.8% for insertion-infested mangoes despite the greater amount of heat absorbed by the former.
The apparent remarkably greater thermotolerance of A. obliqua reared in mango, despite the higher Þnal temperature compared with third instars reared in diet and inserted into mango, deserves further inquiry because ramiÞcations for phytosanitary heat treatments developed using insertion of diet-reared larvae are obvious. The objective of this research was to test thermotolerance of another tephritid in another fruit infested via insertion of diet-reared third instars versus development of third instars in the fruit via oviposition.
Materials and Methods
Tests were done comparing the efÞcacy of heated air and hot-water immersion in "Rio Red" grapefruit, Citrus paradisi Macfayden, harvested in Weslaco, TX, and infested in two ways with Mexican fruit ßy, Anastrepha ludens (Loew), from the U.S. Department of AgricultureÐAnimal and Plant Health Inspection Service (USDA-APHIS) Mexican Fruit Fly Rearing Facility at Mission, TX. These ßies are used in the sterilerelease program in southern Texas and northern Mexico, and are found to compete well with feral ßies for mates. In vitro tests were then conducted to examine reasons for possible differences in efÞcacy between the two infestation methods.
Fruit Infestation. Two infestation techniques were compared for response of Mexican fruit ßy to heat. In one, groups of Ϸ50 grapefruit were placed in a screen cage (1.2 by 0.8 by 0.5 m) with Ϸ20,000 Mexican fruit ßy adults for 1.5 h. Fruit were subsequently held at 26.5 Ϯ 0.5ЊC for sufÞcient time (14 Ð19 d) to allow all or most of the larvae to become late third instars. Fruits were periodically opened to determine stage and were treated before larvae bored emergence holes. This infestation technique closely simulates natural fruit infestation; the major difference is that in most natural situations the fruit is still attached to the plant when it is infested by tephritids. Fruit tends to increase in susceptibility to tephritid infestation after it is picked (Aluja and Mangan 2008) .
For the second infestation technique 20 Ð25 late third instars reared on diet (Spishakoff and Hernandez-Davila 1968) were placed in 10-mm-diameter holes bored to the center of 10 Ð20 grapefruits and the Mangoes were infested by two techniques: 1) insertion of 25 or 50 diet-reared third instars into holes cored into mangoes 2 h before treatment; or 2) via oviposition in mango and subsequent feeding by larvae in mango pulp.
grapefruit plug was then replaced and sealed with hot-melt glue. After 24 h at 26.5 Ϯ 0.5ЊC, the grapefruits were treated. Nontreated controls were subjected to the same treatment parameters without heat, i.e., the hot-water immersion control was placed in Ϸ25ЊC water for the same time duration as the heat treatments.
Immediately after the treatment, the fruits were removed and placed individually in 2-liter plastic containers (model 64S, Sweetheart Plastics, Wilmington, MA) with screened lids at 24 Ϯ 0.5ЊC and 65% relative humidity for Ϸ24 h, after which the fruit were opened and larvae removed, counted, and placed in 200-ml plastic containers with 50 ml of vermiculite. Survival was scored as larvae that eventually pupariated regardless of the shape of the puparia. Although prevention of larval movement is normally the measure of efÞcacy used by inspectors of plant protection organizations (PPOs) for phytosanitary heat treatments (Heather and Hallman 2008) , prevention of pupariation was chosen as the threshold because it is the subsequent developmental threshold and, unlike larval movement, its determination is clear and apparent independent of the moment of observation. However, some tephritid larvae subject to a treatment that left them motionless pupariated without ever having been observed to move (Hallman and Thomas 2011) .
Heated Air Treatment of Infested Fruit. A pilotscale heat treatment machine (Controlled Atmosphere Temperature Treatment, Techni-Systems, Chelan, WA) capable of controlling temperature, humidity, and atmospheric components in a treatment space (0.6 by 0.4 by 1.2 m) that can hold Ϸ120 grapefruit was used (Neven and Mitcham 1996) . Grapefruits infested by oviposition and rearing to third instar and those infested by rearing third instars in diet and inserting them into the center of grapefruits were mixed together and placed in two plastic bins with mesh bottoms in the Controlled Atmosphere Temperature Treatment. Twelve thermistors were placed in the three largest fruits (mass ϭ 441.4 Ϯ 10.7 g; polar diameter ϭ 89.3 Ϯ 5.9 mm) in both bins. In each of the six fruits, one thermistor was inserted through the cheek of the fruit so that the temperature-sensing tip was 1Ð2 mm under the peel and another was inserted to the center. The heating rate was 2ЊC/min until the temperature reached 47ЊC, where it was held stable for the total treatment time of 120 min. Relative humidity was Ϸ100% and air velocity was 2.8 Ð3.0 m/s. The test was replicated three times, and after treatment, insect survival in the infested grapefruit was evaluated as described in Fruit Infestation.
Heated Water Treatment of Infested Fruit. Two experiments were conducted immersing infested grapefruits in tap water at 44.0 Ϯ 0.1ЊC. The Þrst was done at one time span (100 min with six replicates) to determine if a general difference between the two infestation techniques might exist and give an indication of the range, while the second was done at a series of times between 110 Ð135 min (two or three replicates at each time) to analyze the doseÐresponse relationship for the two techniques. This dose range was expected to result in levels of control Ͼ90% because this is the range of concern for phytosanitary treatments (Heather and Hallman 2008) .
The same heating equipment used by Shellie and Mangan (2002) to treat mangoes infested with A. obliqua was used to treat the infested grapefruits. It consisted of a 608-liter cube-shaped, insulated Þberglass container with an immersed heating coil, and controlled to within Ϯ0.1ЊC. Grapefruits infested by oviposition with subsequent rearing to third instar and those infested by rearing third instars in diet and inserting them into the center of grapefruits were mixed together and placed in two plastic mesh bins (0.6 by 0.4 by 0.2 m), which were lowered into the container of heated water. Temperatures from four thermocouples each inserted to the center of grapefruits of similar dimensions were recorded every 5 min. After treatment, insect survival in the infested grapefruit was evaluated as described above.
Time After Removal From Diet Versus Mortality. Two tests were done to determine if the time span between removal of larvae from diet and heat treatment affect survival. In the Þrst test, 100 third instars in diet were washed out using a mesh sieve and placed in containers for time spans between 0 and 9 h in 30-ml plastic cups with perforated lids before being placed in a heating block (WSU Heating Block System model HB02.7; Ikediala et al. 2000) at 46ЊC for 15 min. The heating block consisted of two aluminum blocks (25.4 by 25.4 cm) with a bottom and top thickness of 2.0 and 2.5 cm, respectively. The blocks Þt together, leaving a space 21.4 by 22.1 cm in breath by 0.3 cm in depth where the larvae are placed. Electric heating pads are attached to the exterior surface of each plate. Type T (copperÐ constantan) thermocouples (Omega Engineering, Stamford, CT) inserted through holes bored to near the center of each block monitor temperatures. The thermocouples were calibrated in a slurry of ice made from distilled water and found to be operating to within 0.1ЊC of temperatures compared with a certiÞed thermometer (model 4021, Control Company, Friendswood, TX).
There were three replicates, and a control was placed in the heating block at 25ЊC for 15 min. In the second test, heat treatments were done for 9 min, and time spans of 0.25, 0.5, and 0.75 h were added, while the time span of 9 h was removed; there were four replicates. After heating, larvae were placed in plastic containers (200 ml) with 50 ml of moist vermiculite and held until larvae either died or pupariated in any form. In a third test, third instars were removed from diet and held for 0, 15, 30, 45, and 60 min before being heated at 46ЊC for 9 min; there were four replicates.
Heat Tolerance of Diet Versus Fruit-Reared Larvae and Feeding Versus Postfeeding Third Instars. Mexican fruit ßy larvae were reared in grapefruit and diet as described above until they reached the late third instar. Half of the larvae were removed from the diet and grapefruit and put in vermiculite for 5 h upon which they were presumed to enter a physiological, irreversible postfeeding state in preparation for pupariation (Fraenkel and Bhaskaran 1973) . ApproxiAugust 2014 HALLMAN: INFESTATION VERSUS THERMOTOLERANCEmately 100 postfeeding third instars and those still feeding in diet and grapefruit were placed with Ϸ20 ml of rearing material in spherical-bottomed bronze tubes (30 ml) opened at the top to the atmosphere. The insects were not counted until after treatment to avoid disturbance that might affect behavior. The tubes were placed in a metal wire test tube holder that kept the tubes upright in a 44.0 Ϯ 0.1ЊC water bath (11 liters capacity, model CCWB8, GEC, Gainesville, FL) for 30 or 50 min. After heating, the larvae were counted, placed on moist vermiculite in plastic containers (130 ml) with perforated lids and held until they died or pupariated. There were Þve replicates done on different dates. Statistical Analyses. Percentage pupariation in the heat-treated insects was adjusted for lack of pupariation in the nontreated controls via the following equation:
where Y a is the adjusted percentage surviving in each treated group, X is the percentage surviving in the control group, and Y is the percentage surviving in the treated group.
Percentage data were transformed via arcsine square root before analysis with analysis of variance (ANOVA) or t-test. DoseÐresponse data were analyzed with probit analysis (PoloPlus, Petaluma, CA: Robertson et al. 2007 ) using log 10 of dose. The SE of the mean follows mean values.
Results
Heated Air Treatment of Infested Fruit. In the heated air treatments at 48ЊC for 120 min, temperatures in the center of the fruits were a mean of 24.1 Ϯ 0.8, 38.0 Ϯ 1.2, and 43.4 Ϯ 0.9ЊC, respectively, at 0, 60, and 120 min after initiation of the heating. Mean pupariation in the nonheated controls for inserted and oviposited insects was 98.3 Ϯ 1.7 and 88.7 Ϯ 6.5%, respectively. Adjusted percentage pupariation for the three replicates of inserted and oviposited insects subjected to heated air treatment was 21.3, 12.4, 2.8 and 10.6, 4.9, 10.9%, respectively. No statistically signiÞ-cant difference (95% CI) was found between third instars reared on diet and inserted into grapefruit (12.2 Ϯ 5.3% pupariation) versus those reared in grapefruit via oviposition (8.8 Ϯ 2.0% pupariation). Results of the t-test were t ϭ 0.62, df ϭ 2, and P ϭ 0.62.
Heated Water Treatment of Infested Fruit.
No statistically signiÞcant difference (95% CI) was found between third instars reared on diet and inserted into grapefruit (9.0 Ϯ 5.0% pupariation) versus those reared in grapefruit via oviposition (12.2 Ϯ 2.7% pupariation) when the grapefruits were immersed in 44.0ЊC water for 100 min (t ϭ 0.77; df ϭ 4; P ϭ 0.48). Mean pupariation in the nonheated controls for inserted and oviposited insects was 88.9 Ϯ 2.5 and 85.0 Ϯ 5.2%, respectively. Weight (mean of fruit inserted with larvae vs. those infested via oviposition ϭ 336.4 Ϯ 13.8 and 321.4 Ϯ 16.7 g, respectively; t ϭ 1.83; df ϭ 4; P ϭ 0.14) and polar diameter (mean of fruit inserted with larvae vs. those infested via oviposition ϭ 7.73 Ϯ 0.11 and 7.78 Ϯ 0.11 g, respectively; t ϭ 1.38; df ϭ 4; P ϭ 0.24) of the grapefruits were not signiÞcantly different.
The second series of doseÐresponse tests were analyzed in two forms: using the independent variable as 1) time of immersion or 2) Þnal center temperature inside the grapefruits. In neither case did the data Þt the probit model. Chi-square for infestation by oviposition and insertion for dose given in time (min) was 37.7 and 138.8, respectively. For dose given as Þnal interior temperature of fruit, chi-square for infestation by oviposition and insertion was 33.9 and 318.4, respectively. In total, 2,402 and 5,369 third instars were treated, respectively, in fruits infested via oviposition and those infested with diet-reared larvae, and degrees of freedom were eight. To Þt the model, the chi-square could not exceed the degrees of freedom (Robertson et al. 2007 ). However, when the raw data are graphed (Figs. 1 and 2) , it is apparent that when the data are observed as Þnal temperature, third instars reared in grapefruits are surviving to higher timeÐ temperature combinations than those reared on diet and inserted into fruit (Fig. 2) . That is, a Þnal temperature of Ϸ43.2ЊC resulted in 100% mortality of diet-reared and fruit-inserted larvae, while at the high- Fig. 1 . Prevention of pupariation of Mexican fruit ßy third instars infesting grapefruit via oviposition (x) or insertion after rearing on diet (ϩ) and then subjected to immersion in 44ЊC water for different time periods. Fig. 2 . Prevention of pupariation of Mexican fruit ßy third instars infesting grapefruit via oviposition (x) or insertion after rearing on diet (ϩ) and then subjected to immersion in 44ЊC water for different time periods versus mean temperature at the center of four fruits per treatment unit. est temperature achieved in oviposited fruit (43.5ЊC), 100% mortality was not achieved.
As an example of the heating curve of grapefruit, Fig. 3 shows mean center temperatures for fruits infested by both techniques when fruit were heated for 120 min. SEM were mostly Ϸ1ЊC and are not shown to avoid clutter. In this example, mean centre temperatures in grapefruit infested via oviposition were Ϸ0.5ЊC higher than those infested via insertion of larvae. Grapefruit infested via oviposition lost a mean of 8.1 Ϯ 0.7% of their weight during rearing to third instar.
Time After Removal From Diet Versus Mortality. During the test at 46ЊC for 15 min, pupariation in the control was 100% and in two of the three replicates none of the heated larvae pupariated. In the third replicate, pupariation from 0 to 9 h (in increments of 1 h) was 16, 5, 5, 4, 4, 4, 5, 0, 0, and 0%, respectively. When treatment time at 46ЊC was reduced to 9 min, the overall tendency observed in the one replicate at 15 min that saw a reduction in pupariation as wait-time increased was observed in all four replicates (Fig. 4) . Because a large, statistically signiÞcant decrease in pupariation was observed between 0 and 1 h before heating (44.7 Ϯ 10.3 and 23.5 Ϯ 7.7% pupariation, respectively; t ϭ 5.73; df ϭ 3; P ϭ 0.022), the test was repeated at 15 min increments between 0 and 60 min (four replicates) to attempt to characterize the observed decrease in pupariation in greater detail. However, in this test, there was no statistically signiÞcant effect of wait-time before heating on pupariation between 0 Ð 60 min (pupariation at wait-times before heating of 0, 15, 30, 45, and 60 min, respectively, were 41.5Ϯ, 49.7Ϯ, 54.2Ϯ, 56.5Ϯ, and 51.5Ϯ%), and pupariation did not show the same decrease at a wait-time of 60 min.
Heat Tolerance of Diet Versus Fruit-Reared and Feeding Versus Postfeeding Larvae. Temperatures in the brass tubes started at 25.0 Ϯ 0.2ЊC and reached 41.1 Ϯ 0.2, 43.6 Ϯ 0.1, and 43.7 Ϯ 0.1ЊC after 5, 30, and 50 min, respectively. The only statistically signiÞcant differences found in the test was between larvae heated for 30 min versus those heated for 50 min, which is expected (Tables 2 and 3 ). There were no statistically signiÞcant differences between rearing media or feeding versus postfeeding larvae nor were any of the interactions signiÞcant.
Discussion
Results from this series of tests caution against the assumption of no difference in heat tolerance between insertion of diet-reared third-instar tephritids into fruit and third instars reared in fruit without conducting tests to compare the two methods. Even then, results may be variable and inconclusive. In this study, no statistically signiÞcant differences were found when testing both infestation methods in heated air and hot-water immersion treatments of infested grapefruits. However, as Nuzzo (2014) Fig. 2 cannot be ignored when questioning whether rearing of tephritids in diet and inserting them into fruit adequately represents expected efÞ-cacy from heat treatments, or at least hot-water immersion treatments. Therefore, evidence is accumulating that, at least for hot-water immersion, rearing of tephritids on diet and inserting them into fruit might underestimate the degree of treatment necessary to disinfest the fruit and may, therefore, lead to treatments that are subefÞcacious.
Tests to determine if factors that stray from the natural situation reduce efÞcacy of a phytosanitary Fig. 3 . Mean center temperature of grapefruits infested with Mexican fruit ßy third instars via oviposition (x) or insertion after rearing on diet (ϩ) and then subjected to immersion in 44ЊC water for 120 min. Fig. 4 . Relationship between time (h) after removal of A. ludens third instars from diet and heating at 46ЊC for 9 min and pupariation. Slope ϭ Ϫ3.77 Ϯ 0.855; F ϭ 19.4; df ϭ 1,34; probability that slope ϭ 0 is Ͻ0.0001. August 2014 HALLMAN: INFESTATION VERSUS THERMOTOLERANCEtreatment might use more liberal determinations of statistical signiÞcance because the consequences of a false negative (i.e., no difference when a difference actually exists) can mean the failure of a commercial treatment, whereas the consequences of a false positive (Þnding a difference when one does not exist) would only be that an easier-to-use, artiÞcial technique would not be used in the research. A false positive may make the research more difÞcult, but it would not result in treatment failure that could lead to the establishment of invasive species. As found by Shellie and Mangan (2002) , in the current study, grapefruits infested via oviposition decreased in weight compared with when they were harvested. This is logical and happens regardless of whether or not fruits are infested with tephritids; picked fruits naturally lose water over time. In the current study, infestation rates were low as might be expected for fruit treated for commercial export purposes; i.e., the fruit would not be expected to be culled before shipping as infestation was not obvious because any fruit with emergence holes or signs of decomposition were not used in the research.
Fruits infested by oviposition heated to higher temperatures that those infested via insertion (Fig. 3) , possibly because of feeding damage that allowed for juices to ßow internally and distribute heat. However, in the current study, the difference between the two infestation techniques was Ͻ1ЊC, while Shellie and Mangan (2002) found the difference with infested mangos to be Ͼ4ЊC. Regardless, the small difference in temperature found between the two infestation techniques in the current study is considered sufÞcient to result in differences in tephritid larval mortality ).
An argument can be made for the efÞcacy of the treatment based on time because regardless of infestation technique, 135 min at 44ЊC resulted in 100% kill for both, and time is how doses are currently scheduled for most commercially applied hot-water treatments (APHIS 2014). However, it may only be a coincidence that the times to achieve 100% mortality for both infestation techniques were close enough to be virtually indistinguishable in the current study. Third instars reared and treated inside grapefruit seemed more thermotolerant than those reared on diet and inserted into grapefruit (Fig. 2) . But grapefruit infested via oviposition heated to higher temperatures than those in which third instars were inserted, resulting in those larvae being subjected to more lethal heat than larvae inserted into fruit.
Regarding reasons why fruit-reared and heated tephritid larvae might be more thermotolerant than larvae reared in diet and inserted into fruit, evidence suggests that larvae might become more susceptible to heat after they cease feeding and undergo nonreversible physiological change to nonfeeding larvae (Fig. 4) in preparation for pupariation and subsequent adult development. Tephritids typically pupariate in the soil, and it can be expected that temperature extremes would be moderated in soil shielded from direct sunlight, such as under a tree. Perhaps the physiological change that tephritids undergo as they prepare to pupariate reduces their expenditure in thermotolerance, as it is not needed to the same degree in the soil as in the tree.
Host (grapefruit vs. diet) was not a source of variation in thermotolerance in this research. Likewise, there was no signiÞcant difference in pupariation between the Caribbean fruit ßy, A. suspensa, third instars reared on diet or grapefruit when immersed in 43ЊC water (Hallman 1996) .
There is signiÞcant variation among results; i.e., some tests showed differences in thermotolerance between feeding and postfeeding larvae while others did not. This is not rare for phytosanitary research with tephritids (Heather and Hallman 2008 ) and indicates that researchers should refrain from using evaluation techniques that stray from the natural setting to the extent that is reasonably possible. Because of the variable results among studies, it seems likely that there are mitigating factors that affect efÞcacy not identiÞed in this research. Such factors may involve the particular relationship between the host fruit and larval tephritids that may not be adequately duplicated with insertion of larvae into fruit. That is, larvae feed inside of the fruit without contact with the exterior environment until they bore exit holes through the peel. For example, the atmosphere inside an intact fruit infested with tephritids is different than ambient (Hallman et al. 1994) . Therefore, it is prudent that phytosanitary treatment research be conducted close to the conditions faced by potential exporting markets.
However, phytosanitary treatments are generally considered quite robust, and phytosanitary treatment research may be prohibitively difÞcult to conduct close to the natural situation faced by exporters. In these cases, it is up to the importing PPO to approve deviations from the natural condition in the research methodology, and these should be made taking into account any assumptions (stated and unstated) that might be associated with that research. The importing PPO could increase the severity of the treatment to compensate for the unknown effect of these assumptions on efÞcacy.
A major host-based difference between natural infestation and infestation via oviposition in picked fruit is that detachment of the fruit from the plant may increase its susceptibility to tephritid infestation (Aluja and Mangan 2008) . If this were generally true for fruits and tephritids, it would mean that phytosanitary treatments developed with laboratory-infested fruits (almost all treatments) are done with insects that may have a higher rate of survival compared with those that infest fruit naturally. But that does not mean that insects reared entirely in picked fruit are more tolerant of the treatments used than those infesting fruit naturally; the opposite could just as well be true because "heat shock" proteins induced by a number of stress factors may increase the tolerance of organisms to other sources of stress (Zhao and Jones 2012) . I am unaware of any study directly comparing thermotolerance of tephritids reared in fruit attached to the plant versus picked fruit. In fact, little phytosanitary treatment research with any pest has been done with naturally infested commodity. This comparison should be done because it is a source of uncertainty that infestation of picked fruit adequately simulates natural infestation of fruit on the plant. Another difference between natural infestation and infestation in the laboratory that may affect efÞcacy of heat treatments is rearing temperature. Temperature in the Þeld varies and may reach quite warm and cool extremes, depending on geographic location and season, while temperature in the laboratory is usually fairly constant at Ϸ25ЊC. Rearing temperature between 20 Ð30ЊC was directly related to thermotolerance in A. suspensa (Hallman 1994) . Thus, tephritids reared at a moderate temperature in the laboratory may be less thermotolerant than those in the Þeld subjected to higher temperatures.
Infestation by insertion of tephritid larvae reared on diet and inserted into fruit has been used to develop other phytosanitary treatments not based on heat as well, without testing the effect of the infestation technique on efÞcacy. Two studies have subsequently examined the effect of infestation method on efÞcacy of phytosanitary irradiation and methyl bromide fumigation. Hallman and Thomas (2010) found no difference in the efÞcacy of phytosanitary irradiation between Mexican fruit ßy third instars reared in grapefruit versus those reared on diet and inserted into grapefruit, although they cautioned that the literature on the Mediterranean fruit ßy, Ceratitis capitata (Wiedemann), indicates that there might be a difference with that species. Another study with methyl bromide fumigation of grapefruit infested with A. ludens found that larvae reared on diet and inserted into fruit were harder to kill than those reared in the fruit (Hallman and Thomas 2011) .
The primary concern for PPO when techniques that stray from the natural situation are used to develop phytosanitary treatments is when the resulting treatment is subefÞcacious for commercially treated commodities. If the resulting treatment results in a greater level of efÞcacy than that required for quarantine security (i.e., the artiÞcial technique resulted in insects that were harder to kill than those naturally infesting the commodity), there is no increased risk of an invasive species becoming established. The only increased risk would be of damage to the commodity being treated if the commodity displays some sensitivity to the treatment. Although this might not be of concern to the PPO of the importing country, it should be of concern to the marketing industry and for that reason as well, artiÞcial techniques that may increase the tolerance of the pest to the treatment should be avoided.
